Abstract
Introduction
Micro Air Vehicle (MAV) is defined here as a small (hand launched, storable in portable container), light, and inexpensive unmanned flying vehicle for direct, over the hill reconnaissance. The focus is on fixed wing, forward thrust airplane since the ability to negotiate strong opposing winds is required.
Several prototypes of fixed wing MAVs were built to date [1] [2] [3] . They achieved good range and endurance performance. However, they suffer from near earth boundary layer turbulence that creates high variations in angle of attack. The potential solution of this problem was noted in the course of the project described in [5] , when one of the tested MAV configurations exhibited existence of leading edge vortex. Leading edge vortex is a well-known phenomenon [6, 7] , that allows the design of super-manoeuvrable jet fighters, capable of flying at very high angles of attack. It was assumed that highly manoeuvrable MAV could be stable in the turbulent air, if equipped with a fast enough autopilot. Therefore, it was decided to apply cranked delta wing configuration, however, integration with propulsion system was not straightforward. Moreover, it was necessary to testing the constructions in the wind tunnel. The testing was carried out in a wind and water tunnel.
Wind and water tunnel testing of MAV aerodynamics
Propeller propulsion seems to be the most suitable for a fixed wing MAV. Propeller at the vehicle front would decrease the angle of attack locally, thus vanishing the effect of the leading edge vortex. On the other hand, pusher configuration would be dangerous for hand launching. Direct contact of the propeller with the hand of the launching person, could cause personal injury, as well as damages to the airplane. Therefore, an airplane configuration, with the propeller located in the slot, inside of the wing contour, was developed (Fig. 1) . The propeller blows directly at the control surfaces in this configuration, which is perceived as an additional advantage, almost equivalent to the thrust vectoring of a modern fighter aircraft.
Fig. 1. Wind resistant MAV: a) wind tunnel 5 and b) water tunnel visualization
The model of this configuration was tested in the wind tunnel of the Military University of Technology, and water tunnel of the Wroclaw University of Technology Low Reynolds Number Laboratory, as described in [8] , to investigate the co-operation of the leading edge vortex with the propeller stream.
After final design of MAV, it was performed number of steady and unsteady test of vehicle model in the wind tunnels and water tunnel. Some results of measurements are shown in Fig. 2 Because of testing possibilities Wroclaw University of Technology water, it was preformed number of unsteady measurements, (oscillatory motion of MAV on measurement support). For unsteady measurement, the following similarity criterion was set -reduced frequency of the oscillatory model motion. For each of four test cycles, five frequencies were setting. Range of Angle of Attack (AOA), and sideslip angle movement was α=(-180-180°), and β=(-25-25°). For unsteady trials every test were oscillatory movement with amplitude ±5° along mean angle of attack equals 5°, 15°, 25°, 35°, 45° and 55°. Total range for every unsteady measurements set for angle of attack was α = (0-60°). In turn of sideslip, angular range for steady trials was β = (-25-25°), while sideslip oscillatory tests were performed along the mean sideslip angles equals -15°, -7.5°, 7.5° or 15° with the amplitude of movement equals ±10°.
Sideslip and roll measurements were performed due to steady angle of attack starting from 0° up to 60° for every 10° step. Because of construction of the balance only unsteady roll trials were performed, sideslip tests were both steady and unsteady. Roll unsteady tests were performed for every angle of attack described above at mean roll angle γ = 0° with the movement amplitude ±5°. Exemplary results of tests are shown in the Fig. 4 , and 5.
Fig. 2. Comparison of Lift Force coefficient measurements: PWr -Wroclaw University of Technology water tunnel, WAT -Military University of Technology wind tunnel, PW MEiL Warsaw University of Technology wind tunnel

Fig. 3. Comparison of pitching moment measurements: PWr -Wroclaw University of Technology water tunnel, WAT -Military University of Technology wind tunnel, PW MEiL Warsaw University of Technology wind tunnel
Results of water tunnel tests allow us to identify aerodynamic derivatives by application of Initial Function Theory [16, 15] . Some results of identification are shown below in the figures. For example the results of dynamic tests in the plane tilt are presented below for fixed angles of attack in the range of α = (0°, 60°) in increments of 10º. Angular range oscillating motion was γ = ± 5º. The test results show deviations in the plane collectively dynamic characteristics in terms of yaw angles β = (-25º, 25º) for the four ranges of motion of the oscillating carried out in relation to the average slip angle β = -15º, -7.5º, 7.5º and 15º with an amplitude of ± 10º movement. We present the results for three of the five frequencies of reduced traffic k = 0.0099, 0.0197 and 0.0296.
Fig. 9. The characteristics of dynamic coefficients of side force and yaw moment for α = 40º
In the plane of deviation for static tests can clearly see the deterioration of characteristics with above 40° angle of attack and the plane became directionally unstable.
In the case of dynamic characteristics, as well as in a plane tilt can be clearly seen the irregular course of the characteristics of both Cy and Cn resulting from vibrations, which fell into the model while moving.
Derivatives aerodynamic of deviation plane: We can noticed that vehicle is static stable in the wide range of AOA.
Conclusions
Vertical lift can be generated by cranked delta wing at low Reynolds numbers, which allows creating MAV capable of flying at high angles of attack. Leading Edge Extensions can be successfully integrated with the propeller propulsion, generating a leading edge vortex in the neighbourhood of the propeller stream. Oversensitivity to the propeller torque is a problem if conventional propeller is considered. However, it should disappear if contra-rotating propeller is applied since the total torque of the contra-rotating propeller is neglible. Contra-rotating propeller has greater efficiency than conventional one in the same, small size.
During the testing of stationary plane deviation of no effect in changing the coefficients of force and yaw moment resulting from the Reynolds number changes or use propulsion.
For angles of attack, more than 40 o test model it became unstable directionally, so the test cycle was completed on that value of the angle of attack.
